The electronic structure transition between the semiconducting and metallic states in boron (B)-doped diamonds was elementselectively observed by soft X-ray emission and absorption spectroscopy using synchrotron radiation. For lightly B-doped diamonds, the B 2p-density of states (DOS) in the valence band was enhanced with a steep-edge feature near the Fermi level, and localized acceptor levels, which are characteristic of semiconductors, were clearly observed both in B 2p-and C 2p-DOS in the conduction bands. For heavily B-doped diamonds, the localized acceptor levels developed into extended energy levels and the new energy levels generated formed an extended conduction band structure that overlapped with the valence band. Thus, the metallic energy band structure is actually formed by heavy boron doping. These valence and conduction band structures observed by soft X-ray emission and absorption spectroscopy accounted for the electrical properties of B-doped diamonds.
Introduction
Diamond is a wide gap semiconductor material that has a negative electron affinity. Due to this unique property, diamond has been examined in the last twenty years as a promising electron nanoemitter and in high-power technological applications. In addition, boron (B)-doped diamond semiconductors have recently attracted attention for their superconducting characteristics. 1) One major problem in developing a diamond semiconductor is that the electrical properties of diamond caused by impurity doping, particularly for n-type conduction, are difficult to control.
2) It should be emphasized that the electrical properties depend not only on the species and amount of the dopants, but also on their electronic/local structure in the host diamond. The dopant concentration and the electrical properties such as carrier concentration and mobility can be evaluated using conventional methods; secondary-ion mass spectrometry (SIMS) for the former, and resistivity and Hall effect measurements for the latter. However, few methods can accurately analyze the electronic/local structure of a dilute dopant in diamond.
It is well known that soft X-ray emission and absorption spectroscopy using highly brilliant synchrotron radiation is a powerful tool for electronic/local structure analysis. 3, 4) Nakamura et al. 5) recently applied this spectroscopy to Bdoped diamonds and successfully investigated the valence and conduction bands structures using element-selective measurements. For B-doped p-type diamond, the electrical properties are easily controlled by boron doping and low resistivities around 10 À3 cm have been achieved by heavy doping. 6, 7) Despite the established p-type conductivity control, boron doping mechanisms are unclear from the viewpoint of the electronic/local structures of the dopant and the host diamond. Therefore, we have investigated the electronic/local structures of the dopant boron and the host diamond by soft X-ray emission and absorption spectroscopy to elucidate the relationship between the electrical properties and the electronic/local structures. In this paper, soft X-ray emission and absorption spectra in the B K and C K regions of Bdoped diamonds with varying boron concentration between 77 and 71000 ppm are described. The dependence of the electronic valence and conduction band structures on boron concentration is also discussed.
Experimental
Four B-doped diamond single crystal films were homoepitaxially grown by microwave plasma-assisted chemical vapor deposition (CVD) with methane, hydrogen, and diborane gases on the (100) surface of single-crystal diamond substrates that were synthesized by the hightemperature and high-pressure method. 6, 7) The film thickness was between 0.2 and 1.5 mm. , and the temperature dependence of the hole concentration became weak from 0.27 (A) to 0.02 eV (B). These changes originate in the formation of an energetically broad acceptor level due to the significant overlap between the wavefunctions of neighboring acceptors with heavy boron doping, leading to the virtual shallowing of the acceptor level. The free holes flow through hopping conduction at the broadened acceptor level. This behavior in relation to the boron doping concentration is consistent with previous reports. 6, 7) The resultant resistivity decreased by a factor of 250. From these electrical properties, sample A can be regarded as a typical semiconductor and sample B as a degenerate semiconductor. As for sample C, the hole concentration increased to 1:8 Â 10 20 cm À3 with the resistivity as low as 1:7 Â 10 À3 cm for a boron doping concentration 10 times higher than that of sample B. This value accurately corresponds to a Mott transition concentration of ð1{ 2Þ Â 10 20 cm À3 , [8] [9] [10] above which the semiconducting characteristics change to metallic ones. The activation energy of 0 eV, that is, the hole concentration independent of temperature, is accordingly consistent. As for sample D, the resistivity increased to 2:8 Â 10 À2 cm despite a boron doping concentration 10 times higher than that of sample C. If we assume an extremely low mobility such as 0.1 cm 2 V À1 s À1 , which the data in refs. 6, 8 and 9 imply is plausible, the resistivity of 2:8 Â 10
À2 cm leads to an estimated hole concentration around 2:1 Â 10 21 cm À3 , which reasonably corresponds to the boron concentration of 1:4 Â 10 22 cm À3 . SIMS analysis revealed that the hydrogen concentration in sample D is 3:0 Â 10 21 cm À3 , which is three orders of magnitude higher than those in the other three samples. It is possible that the presence of the high-concentration hydrogen directly or indirectly influences the electrical activity of the boron atoms and leads to a decrease in the hole concentration and/ or mobility of sample D. In any event, samples C and D have a metallic character.
Spectroscopic measurements of the soft X-ray emission and absorption in the B K and C K regions were performed with a grating X-ray spectrometer installed at beamline BL-8.0.1 of the Advanced Light Source (ALS).
10) The emission spectra were obtained with excitation energies tuned to 230 eV for the B K region and 320 eV for the C K region to effectively excite the 1s-electrons and prevent multiple ionizations. The estimated resolving power (E/ÁE) of the spectrometer was 1300 for the B K measurements using a 40 mm entrance slit and a 1500 lines/mm spherical grating with a 5 m radius, and 680 for the C K measurements using a 600 lines/mm grating with a 10 m radius. The fluorescenceyield (FY) and total-electron-yield (TEY) X-ray absorption spectra in the B K and C K regions were simultaneously measured at BL-8.0.1. The resolving power in these absorption measurements is estimated to be 110 for the B K measurements and 40 for the C K measurements with 100 mm slits and 150 and 380 lines/mm spherical gratings of the beamline monochromator. High-purity bulk diamond, amorphous boron (a-B), boron carbide (B 4 C), cubic boron nitride (c-BN), and highly oriented pyrolytic graphite (HOPG) were also prepared and measured as references.
Results and Discussion
3.1 Valence band structure evaluated from X-ray emission spectra Figure 1 shows the soft X-ray emission spectra in the B K and C K regions of the four B-doped diamonds and the reference compounds. These spectral features reflect the B 2p-and C 2p-densities of states (DOS) in the valence bands. The B K and C K spectra of the reference compounds are consistent with previously measured spectra. [11] [12] [13] For the B K spectra, we successfully detected the 77 ppm boron atoms in diamond (A) due to the considerably bright undulator radiation at BL-8.0.1. For the semiconducting Bdoped diamonds (A and B), a sharp peak was observed at 184.8 eV and a steep edge feature was also observed towards the higher energy region. On the other hand, for the 7100 ppm B-doped diamond (C), the 184.8 eV peak disappeared and a broader tailing was observed. The higherenergy edge shifted from 185.7 to 187.1 eV as the boron concentration increased. For the 71000 ppm B-doped diamond (D), a new peak appeared at 182.9 eV. These spectral features of the B-doped diamonds clearly differ from those of the reference compounds. Therefore, the chemical states of the boron atoms in diamond differ from those in the reference compounds and their electronic structures are strongly dependent on the boron concentration. For the C K spectra, the spectral features, including the higher-energy edge at 284.5 eV, of semiconducting samples A and B were essentially the same as the reference high-purity diamond. This indicates that the boron atoms do not affect the C 2p-DOS in the valence band for the B-doped diamonds. The spectral features of metallic samples C and D are slightly smooth around 272.0, 275.2, and 280.9 eV compared with samples A and B and the high-purity diamond. This suggests that the diamond crystal structure of samples C and D is slightly degraded by heavy boron doping. Conversely, we have confirmed that the semiconducting samples A and B preserve the high crystallinity.
3.2 Conduction band structure evaluated from X-ray absorption spectra Figure 2 shows the soft X-ray absorption spectra in the B K and C K regions of the four B-doped diamonds and the reference compounds, which were simultaneously measured by the FY and TEY methods. These spectral features reflect concentration and electrical properties of B-doped diamonds (A, B, C, and D the B 2p-and C 2p-DOS in the conduction bands. The B K and C K TEY spectra of the reference compounds are consistent with the previously measured spectra. [14] [15] [16] For the B K spectra, boron atoms in diamonds can be more clearly observed by the FY method than by the TEY method. This demonstrates that the FY method, which provides high-S/Bratio spectra for bulk material, is more powerful than the TEY method, which provides high-S/N-ratio spectra for surface, for such absorption measurements on low-concentration dopants in bulk matrices. These B K spectral features of B-doped diamonds clearly differ from those of the reference compounds. It is again confirmed that the chemical states of the boron atoms in diamond differ from those in the reference compounds and their electronic structures are strongly influenced by the host diamond lattice. The B K and C K absorption spectral features of the B-doped diamonds strongly depend on the boron concentration. Sharp peaks are observed at 185.1 eV (denoted by a) and 191.9 eV (e) in the B K spectra for sample A. Peak a grew in sample B and disappeared in samples C and D, while peak e was present in all four samples and became embedded in the growing background spectra as the boron concentration increased. Additional structures appear as the boron concentration increases to 71000 ppm; a low-energy tailing of peak e for sample B, and peaks b at 185.5 eV, c at 186.8 eV, and d at 189.0 eV for sample C, and peak f at 193.6 eV for sample D. These spectra clearly demonstrate the transition of the conduction band structure for the boron atoms from localized states to extended states as the boron concentration increases. A similar transition of the conduction band structure for the carbon atoms is also observed in the C K spectra as follows: peak g at 282.4 eV, peak i at 284.1 eV, and a threshold peak k at 289.4 eV are observed for sample A. Peak k, which is related to the C 1s core exciton, 17) is present in all four samples and the high-purity reference diamond, while peaks g and i are induced by boron doping. Peaks g and i developed in sample B. For samples C and D, peak g disappeared, peak h appeared at 282.8 eV, peak i further developed, and peak j appeared at 285.8 eV.
Thus, all these spectra demonstrate the transition of the conduction band structure from the localized states to the extended states as the boron concentration increases. Figure 3 summarizes the soft X-ray emission and the FY X-ray absorption spectra in the B K and C K regions of the B-doped diamonds. To elucidate the relationship between the fine conduction band structures between the boron and carbon atoms, the energy scale is adjusted so that the higherenergy edge of the B K emission spectra, 185.7 eV, coincides with the higher-energy edge of the C K emission spectra, 284.5 eV, as indicated by the dashed line. This figure clearly shows a one-to-one correspondence with the energy position between peak a in the B K spectra and peak i in the C K spectra of samples A and B, and between peak c in the B K spectra and peak j in the C K spectra of samples C and D. These relationships indicate that these two paired peaks have identical origins from hybridized molecular orbitals in the B-C bonds, which leads to the conclusion that they correspond to boron-induced acceptor levels in diamond. Since peaks a and i are located at the higher-energy edges of the B K and C K emission spectra, respectively, they correspond to the shallow level that dominates the ptype electrical conduction. Peaks c and j correspond to the deeper level that may become active for the electrical conduction under heavy boron doping. Therefore, the semiconducting characteristics of samples A and B can be rationalized from the localized acceptor level formation. Peaks a and i are identical to the peaks in Figs. 2 and 3 of ref. 5, respectively. In striking contrast, the valence and conduction bands for both boron and carbon atoms overlap in samples C and D.
Band structure of boron-doped diamond
The inconsistency that peak a vanishes in the B K absorption spectra while peak i is still observed in the C K absorption spectra for samples C and D may cause skepticism in terms of the above identification of peak a with peak i. Since heavy boron doping causes deformation of the diamond lattice as shown for samples C and D in Fig. 1 , it is likely that the lattice strain modifies the energy level. Our tentative idea is that peak a is shifted to peak b due to the lattice strain. This idea solves the above inconsistency. Peaks g and h behave in the same way as peaks a and b, respectively, in connection with the boron concentration. We believe that peak g is shifted to peak h via the same mechanism. Our preliminary first-principles calculation suggests that peaks aðbÞ, gðhÞ, and i all have the same origin, the boron-induced shallow acceptor level. That is, peaks aðbÞ and gðhÞ correspond to the B-C direct bonds and peak i to the C-C bonds with the nearby boron atoms. Peaks a and g shift to peaks b and h, respectively, as the strain directly exerted on the B-C bonds increases with the boron concentration. In contrast to the B-C bonds, the C-C bonds with the nearby boron atoms do not directly receive the effects of the strain. Hence, peak i does not shift. Since peak gðhÞ is located below the higher-energy edge of the C K emission spectra, that is, the valence band, its electrical activity is unclear. Since peak c grows while peak j decreases in relative magnitude as the boron concentration increases (from C to D), the above relationship of peak c with peak j may cause some doubt. We tentatively believe that the large amount of hydrogen introduced in sample D, as indicated in §2, affected the C K absorption spectra and the resistivity. Figure 3 indicates that the development of the localized acceptor levels to the extended electronic energy levels (peaks aðbÞ, gðhÞ and i) and the generation of new extended energy levels (peaks c, d, and f /peak j) with the boron concentration induces the overlap of the valence and conduction bands. Thus, the metallic energy band structure is actually formed by heavy boron doping above the Mott transition concentration, which is consistent with the estimation of the very high hole concentration and the very low mobility for sample D in §2. The mechanism of the electronic structure transition from the localized (semiconducting) states to the extended (metallic) states, the peak energy shift, and the generation of new peaks as the boron concentration increases is currently under an in-depth investigation along with the relationship of the local structure of boron atoms in the diamond lattice using the first-principles calculations.
Conclusions
Soft X-ray emission and absorption spectra in the B K and C K regions of B-doped diamonds were measured using synchrotron radiation to investigate their electronic structures by separating the band structure information on the dopant boron atoms from that on the matrix carbon atoms. The X-ray emission spectra revealed that the valence band structure near the Fermi level of the boron atoms strongly depends on the boron concentration. The X-ray absorption spectra confirmed that the localized acceptor levels originating from boron and carbon atoms exist in the conduction bands of the semiconducting B-doped diamonds. However, metallic extended band structures were observed in the heavily B-doped diamonds. Part of the localized levels and the extended band structures of B 2p-and C 2p-DOS in the conduction bands corresponded to each other in terms of energy level and behaved similarly with the boron concentration. This suggests that these localized and extended levels originate from the hybridization of the dopant boron atoms with the matrix carbon atoms. The electrical properties of the B-doped diamonds were well explained by the measured energy band structures. It should also be mentioned that soft X-ray emission and absorption spectroscopy is a powerful tool for investigating the electronic structure of B-doped diamonds. The energy scale is adjusted so that the higher-energy edge of the B K emission spectra, 185.7 eV, coincides with the higher-energy edge of the C K emission spectra, 284.5 eV, as indicated by the dashed line.
